We aimed to analyze the rheological characteristics during elongation of the root segments in Lemna minor. The elastic component of segment elongation (EC) increased for the first 6 h, and then almost stopped. However, the plastic component of the segment elongation (PC) began to rapidly increase from 6 h onwards. Uniconazole-P, a gibberellin biosynthesis inhibitor, inhibited the total elongation of root segments (TE), and this inhibition was mainly caused by suppression of the rapid increase in the PC after 6 h. Concomitant with this inhibition, the cortical microtubule (CMT) array within root epidermal cells became disorganized in the presence of uniconazole-P from 6 h onwards. Adding GA 3 abolished the inhibition of TE by uniconazole-P treatment, and this recovery was caused not by the increase in the EC but by an increase in the PC. Furthermore, the CMT arrays also recovered their characteristic organization in the presence of GA 3 . These findings suggest that endogenous gibberellin accelerates TE by activating the PC via control of CMT arrays. This conclusion is also supported by rheological analysis where propyzamide was used to disrupt microtubules. We suggest that endogenous gibberellin controls the PC via its influence over the transverse arrangement of CMTs.
Introduction
Gibberellin plays an essential role in the regulation of shoot elongation in many plants (Ross et al. 1989 , Sauter et al. 1993 , Xu et al. 1997 . Endogenous gibberellins also regulate root growth, but at a concentration lower than that which effects shoot growth (Butcher et al. 1990 , Tanimoto 1991 .
Plant growth essentially consists of the two processes, cell proliferation and cell elongation. However, most studies of the regulation of plant growth by gibberellin have failed to distinguish between the processes of cell division and cell elongation.
Cell elongation is a dynamic and complex process of biochemical and biophysical events involving water absorption and cell expansion (Taiz 1984 , Cosgrove 1986 . Cell wall extensibility is one of the factors that regulate cell elongation. Gibberellins increase the extensibility of cell walls in stems (Stuart and Jones 1977 , Kutschera and Kende 1988 , Matsukura et al. 1998 . Cell wall extensibility is probably regulated by the orientation of both cellulose microfibrils and the cell wall matrix and by viscoelastic properties of matrix macromolecules. The orientation of cellulose microfibrils determines the direction of cell expansion (Green 1980 , Taiz 1984 . Gibberellins appear to regulate the direction of cell elongation by controlling the orientation of cellulose microfibrils, a process that occurs via stabilization of the cortical microtubule (CMT) array (Shibaoka 1994) . Although much research has focused on the regulation of shoot growth by gibberellins, there has been far less concern with the processes by which gibberellins regulate the extensibility of cell walls in roots (Tanimoto 1994) .
We have analyzed the regulation of root growth by gibberellins using intact plants and root segments of Lemna minor, a small aquatic plant . This is an ideal material for studying root growth since the tissue system is relatively simple, and the roots grow rapidly. In addition, the elongation zone of the roots can be easily isolated in the form of root segments . The elongation of such root segments occurs normally, but is prevented by treatment with an inhibitor of gibberellin biosynthesis, uniconazole-P (Un-P) (Izumi et al. 1984) , and this effect is ameliorated by GA 3 . Both extensibility of cell walls and the cell turgor pressure are concerned with elongation of plant cells (Green et al. 1971) . However, we found that Un-P rather increased the intracellular osmolarity of epidermal cells in intact roots of whole plants . In isolated root segments, the intracellular osmolarity did not change by treatment with Un-P . We reasoned that Un-P might inhibit the elongation of roots by affecting the extensibility of cell walls, and this hypothesis is tested in the present study.
In the present study, we have analyzed the effects of Un-P and a microtubule-disrupting agent, propyzamide (Akashi et al. 1988 ) on elongation of root segments. Since root segments were small, it was difficult to accurately carry out rheological analysis using a tensile tester. Therefore, we analyzed the changes in the rheological characteristics of the segment elongation using an established plasmolytic method (Masuda 1961) .
Materials and Methods
Plant material Lemna minor L. was sterilized and cultured in modified M medium (Hillman 1961) , supplemented with 1% sucrose but without tartaric acid. The plants were maintained at 25°C, under illumination from fluorescent lamps (FL20SSD/18, NEC Lighting, Ltd., Tokyo, Japan) at a light intensity of 70 mE m -2 s -1 and with a photoperiod regimen of 16 h light/8 h dark. Young roots of 1.0-1.5 cm were used in all experiments.
Chemicals
GA 3 and Un-P were purchased from the Wako Pure Chemical Ind. Ltd. (Osaka, Japan). GA 7 was purchased from Sigma (U.S.A.). Propyzamide was prepared from Kerb Technical, a herbicide produced by Rohm and Haas Company (Philadelphia, U.S.A.), by re-crystallization according to Viste et al. (1970) . Stock solutions were made by first dissolving the dry powders in dimethylsulfoxide (DMSO). These were then diluted in the M medium to final concentrations of 100 nM (GA 3 ), 1 nM-1 mM (GA 7 ), 10 nM (Un-P) and 50 mM (propyzamide). In all cases, the final concentration of DMSO was 0.1%. We ascertained, in preliminary experiments, that 0.1% DMSO alone had no detectable effects on root elongation.
Preparation of root segments
Segments of about 500 mm in length were excised from the elongation zone of roots in a solution containing 180 mM sorbitol and 5 mM Ca(NO 3 ) 2 under an inverted microscope (IMT-2, Olympus, Tokyo, Japan) equipped with an objective micrometer, as described previously . After the measurement of the exact length, the segments were incubated in M medium supplemented with 1% sucrose. The length of the segments was measured periodically under the inverted microscope.
Rheological analysis of segment elongation
To analyze rheological characteristics of segment elongation, osmotic shrinkage of segments was carried out according to Masuda (1961) with slight modification (Fig. 1) . First, the lengths of the segments (Lt 0 ) were measured. The segments were then transferred into the sorbitol solution, and their non-turgescent (plasmolyzed) lengths (Lp 0 ) were measured. The average values of Lp 0 thus obtained were used in the calculation of rheological parameters of the segment elongation. Other segments were incubated in M medium with or without an inhibitor (Un-P or propyzamide) for comparison of elongation growth patterns. The turgescent lengths of elongated segments (Lt) were measured. After the segments were incubated in sorbitol solution to induce osmotic shrinkage, the non-turgescent lengths (Lp) were measured. The rheological changes during segment elongation were then analyzed using these values. The difference between Lt and Lp 0 is the total root elongation (TE). The difference between Lt and Lp, and that between Lp and Lp 0 were assumed to be the elastic component (EC), and the plastic component (PC) of the segment elongation, respectively. TE, EC and PC were presented as ratios to Lp 0 ; i.e. 
Fluorescence staining
Root segments were fixed in a 4% paraformaldehyde solution made up in PEM buffer which consisted of 50 mM piperazine-N,N¢-bis(2-ethanesulfonic acid) (PIPES), 5 mM ethylene glycol-bis(b-aminoethyl ether)-N,N,N¢,N¢-tetraacetic acid (EGTA), 5 mM MgSO 4 , and 5% DMSO, at pH 7.0 for 1 h at room temperature. The segments were then washed three times with PEM buffer and digested for 10 min at 37°C in PEM buffer containing 1% Cellulase Onozuka RS (Yakult Pharmaceutical Co., Ltd., Takarazuka, Hyogo, Japan), 0.25% Pectolyase Y-23 (Kikkoman Co., Tokyo, Japan), and 0.25% Macerozyme R-10 (Yakult Pharmaceutical Co., Ltd.). Following digestion, the material was washed in PEM and then treated with 0.5% Triton X-100 in PEM for 30 min, before a 2-h incubation with a monoclonal antibody against a-tubulin (Ab-1, Oncogene Research Products, Cambridge, U.K.) that had been diluted to 1 : 200 in phosphate-buffered saline (PBS) (136 mM NaCl, 6 mM Na 2 HPO 4 , 2.7 mM KCl, 1.5 mM KH 2 PO 4 , pH 7.0). The material was then washed three times with PBS at the same pH, and the specimens were incubated for 1 h in Alexa TM 488-conjugated anti-mouse IgG (Molecular Probes, Oregon, U.S.A.) diluted to 1 : 100 in PBS. Following this, the specimens were washed three times in PBS, mounted on glass slides and covered with a solution containing 20% glycerol, 80% PBS and 0.1% (w/v) p-phenylenediamine. Specimens were observed under a fluorescence microscope (Zeiss Axiophot; Carl Zeiss, Germany), and photographs were taken with Kodak T-Max 400 film.
Results

Rheological analysis of elongating root segments
As seen in Fig. 2a , the osmotic shrinkage of root segments incubated in 0.5 M sorbitol at 4°C had completely stopped after 120 min. Fig. 2b shows the results of incubating the root segments in sorbitol solutions of various concentrations for 240 min. As is evident, the shrinkage of segments reached its maximum at a sorbitol concentration of 0.4 M. This was the case in control segments and those that had been Fig. 1 Rheological analysis of elongation in root segments using the plasmolytic method (Masuda 1961) . First, the lengths of segments were measured (a). Segments were then subjected to osmotic shrinkage, and then their lengths were measured (b). Other segments were incubated in M medium with or without an inhibitor, and the lengths of these segments were measured (c). Following elongation, the segments were subjected to osmotic shrinkage and then their lengths were measured (d). Lt 0 = turgescent length of root segments before elongation. Lp 0 = the non-turgescent length of segments before elongation. Lt = the turgescent length of segments after elongation. Lp = the nonturgescent length of segments after elongation. For further explanation, see the text.
treated with Un-P or propyzamide. Segments did not elongate during incubation in 0.5 M sorbitol at 4°C at all. Thus, the incubation of segments in 0.5 M sorbitol solution for 240 min at 4°C was deemed to be an accurate method for calculating the three parameters, TE, EC and PC.
Un-P and elongation of root segments
The results were obtained from one hundred segments excised from the elongation zones of healthy roots and incubated in M medium supplemented with or without 10 nM Un-P. Twenty segments at a time were taken out of the incubation medium and their lengths (Lt) were measured before they were subjected to osmotic shrinkage, and the three parameters TE, EC and PC were determined. Although TE increased linearly both in the absence and in the presence of 10 nM Un-P (Fig.  3a) , and this increase continued for at least 24 h (data not shown), Un-P significantly inhibited the rate of increase in TE.
The EC of control segments slightly increased for 6 h, and was then almost unchanged (Fig. 3b) . Although the increase in EC in the presence of Un-P was smaller than that in the absence of Un-P for 6 h, it reached a similar level as that in the control after a 9-or 12-h incubation. In contrast, there was no significant difference in the PC of control or Un-P-treated segments until 6 h had elapsed (Fig. 3c) . A large difference in PC was, however, observed following a 9-or 12-h incubation. In the presence of Un-P, the rate of PC increase was unchanged throughout the incubation. In control segments, however, PC rapidly increased during 6 and 12 h. Fig. 4 shows the ratios of EC and PC to TE (EC/TE and PC/TE, respectively). In both control and Un-P-treated segments, the PC was the dominant factor in elongation of segments. In control segments, EC/TE decreased and PC/TE increased during 6 and 9 h, and the contribution of the PC completely exceeded that of the EC (Fig.  4a) . In the presence of Un-P, however, the contribution of the EC and the PC remained almost unchanged during incubation (Fig. 4b ).
Un-P and the CMT array in root epidermal cells
We had previously found that Un-P disorganized the CMTs of epidermal cells in root segments . Thus, we determined exactly when the CMT array is disorganized in the presence of Un-P in order to correlate this with the inhibition of elongation. In control segments, the CMTs of epidermal cells remained transverse even after a 12-h incubation in M medium (Fig. 5a ). Transverse CMT array was also found in segments incubated in the presence of 10 nM Un-P for 5 h (Fig. 5b, c) . However, after a 6-h incubation the transverse CMTs had become partially fragmented (Fig. 5d) . A more pronounced fragmentation of CMTs was induced after a 7-h incubation (Fig. 5e-g ). This disorganization of CMTs was completely ameliorated by GA 3 in the presence of both Un-P and GA 3 (data not shown).
Reversibility of Un-P effect on elongation and CMT array
After the measurement of their initial lengths, the root segments were incubated for 7 h in M medium either supplemented with 10 nM Un-P (Un-P) or lacking Un-P (-Un-P). A number of segments from each treatment were then subjected to rheological analysis (Fig. 6, closed bars) , whilst the remaining segments were used for further experiments. Some control segments (-Un-P) were further incubated for 6 h in M medium lacking Un-P (-Un-P/-Un-P). Un-P-treated segments were washed three times with M medium. A number of segments were transferred into fresh M medium supplemented with 10 nM Un-P (Un-P/Un-P), whilst others were transferred into the medium supplemented with 100 nM GA 3 (-Un-P/GA 3 ). After a 6-h incubation, all segments were subjected to rheological analysis (open bars). The TE, the EC and the PC were all significantly inhibited by the incubation with Un-P for 7 h (Un-P, closed bars). However, the TE recovered to the similar level to that of control (Fig. 6a , -Un-P/-Un-P) when Un-P-treated segments were incubated in the presence of GA 3 for 6 h (Fig.  6a , Un-P/GA 3 ). This recovery was mainly caused by an increase in PC (Fig. 6c , Un-P/GA 3 ). Furthermore, we examined the reversibility of Un-P effect using GA 7 instead of GA 3 . GA 7 at 1 nM-1 mM did not recover the inhibitory effect of Un-P (data not shown).
We examined whether or not the effect of Un-P on the CMT array was reversible (Fig. 7) . The CMTs of epidermal cells remained transverse in control segments after a 13-h incubation (Fig. 7a) . In the presence of 10 nM Un-P, however, the CMTs were significantly disorganized after a 13-h incubation (Fig. 7b) . Segments that had been incubated in M medium supplemented with Un-P for 7 h, during which CMTs should be disorganized (Fig. 5e) , then transferred into M medium supplemented with 100 nM GA 3 , and then incubated for 6 h, recovered the transverse orientation of the CMTs (Fig. 7c) . Recovery of the CMT arrays was observed after even a 2.5-h incubation in the presence of GA 3 (data not shown).
Propyzamide and elongation
Un-P inhibited TE by suppressing rapid increase in the PC and induced a concomitant disorganization of the CMT array of epidermal cells (Fig. 3, 5) . The inhibition of the PC and disor- Reversibility of the Un-P effect on total segment elongation, elastic and plastic components of segment elongation. Segments were incubated in the absence (-Un-P) or presence of 10 nM Un-P (Un-P) for 7 h. Samples from each treatment were subjected to osmotic shrinkage analysis (closed bars). Remaining of Un-P-untreated segments was further incubated in M medium lacking Un-P (-Un-P/-Un-P) for 6 h and subjected to osmotic shrinkage analysis (open bars). Un-P-treated segments were washed with M medium, and further incubated in the medium supplemented with 10 nM Un-P (Un-P/Un-P), or 100 nM GA 3 (Un-P/GA 3 ) for 6 h and subjected to osmotic shrinkage analysis. ganization of the CMT array was particularly evident following the 6-9 h incubation. These inhibitory effects were completely reversed by GA 3 treatment (Fig. 6, 7) . We examined the possibility that disorganization of the CMTs by Un-P treatment inhibited the increase in the TE and the PC that occurred in controls, using the microtubule disrupting agent, propyzamide.
The increase in the TE in the presence of 50 mM propyzamide was at first similar to that in the absence of propyzamide (Fig. 8a) . However, the TE was significantly inhibited after a 6-h incubation in the presence of propyzamide. However, the EC was not significantly different in control and propyzamidetreated segments during incubation (Fig. 8b) . The increase in the PC was inhibited by propyzamide after a 6-h incubation (Fig. 8c) , whereas the PC started to increase rapidly from 6 h onwards in control segments. In the presence of propyzamide, however, the PC increased only slowly. Fig. 9 shows the changes in EC/TE and PC/TE. In both control and propyzamide-treated segments, the contribution of the PC was dominant factor in segment elongation until 6 h had passed. In control segments, EC/TE decreased and PC/TE increased during the 6-9 h incubation, and the contribution of the PC completely exceeded that of the EC (Fig. 9a) . However, this tendency was prevented by propyzamide treatment (Fig. 9b) , where both EC/TE and PC/TE remained almost constant.
Reversibility of propyzamide effect on elongation and CMT array
After the measurement of their initial lengths, the root segments were incubated for 6 h in M medium either supplemented with 50 mM propyzamide (+Prop) or lacking propyzamide (-Prop). A number of segments from each treatment were then subjected to rheological analysis (Fig. 10, closed bars) , whilst the remaining segments were used for further experiments. Some control segments (-Prop) were further incubated Fig. 7 Reversibility of Un-P effect on the cortical microtubule arrays. Root segments were incubated in either M medium (a) or M medium supplemented with 10 nM Un-P (b) for 13 h. (c) After a 7-h incubation in the presence of 10 nM Un-P, the segments were transferred to the medium supplemented with 100 nM GA 3 and incubated for 6 h. Bar, 10 mm. for 7 h in M medium lacking propyzamide (-Prop/-Prop). Propyzamide-treated segments were washed three times with M medium. A number of segments were transferred into fresh M medium supplemented with 50 mM propyzamide (+Prop/ +Prop). Whilst others were transferred into the medium without propyzamide (+Prop/-Prop). After a 7-h incubation, all segments were subjected to rheological analysis (open bars). The TE, the EC and the PC were all inhibited by incubation with propyzamide for 6 h (Fig. 10, closed bars) . When propyzamide-treated segments were incubated in the propyzamide-free medium for 7 h, the TE (Fig. 10a , +Prop/-Prop) recovered to a similar level to that of the control (Fig. 10a , -Prop/-Prop). This recovery was mainly attributable to an increase in the PC (Fig. 10c) .
The reversibility of the propyzamide effect on the CMT array is shown in Fig. 11 . The CMTs of epidermal cells remained transverse in control segments after a 13-h incubation (Fig. 7a) , whilst 50 mM propyzamide completely disrupted the CMTs, and only dotted staining was observed after 6-and 13-h incubations (Fig. 11a, b) . Severe disorganization of the CMTs by propyzamide treatment was observed after even a 1-h incubation (data not shown). However, segments incubated with propyzamide for 6 h recovered CMT arrays similar to those of the control when they were further incubated in propyzamide-free medium for 7 h (Fig. 11c) . Recovery of the CMT arrays was observed after even a 3.5-h incubation in propyzamide-free medium (data not shown).
Discussion
In our previous study, we found that endogenous gibberellin regulates the elongation of L. minor root segments . The gibberellin inhibitor Un-P did not alter the intracellular osmolarity of epidermal cells in the segments but it rather increased the intracellular osmolarity of such cells in intact roots . These results suggested that the cell turgor pressure was not a limiting factor in regulation of root elongation by gibberellin, but that gibberellin exerted its effects on elongation of cells via an increase in the extensibility of the cell walls. In this study, we have investigated the extensibility of root segments during elongation using an established plasmolytic method to analyze rheological properties.
In control root segments, the respective contributions of EC and PC to TE change with time. The EC increased for the first 6 h and then almost stopped (Fig. 3b) , whilst the opposite occurred with the PC, which commenced a rapid increase from 6 h and onwards during incubation. For the first 6 h, the contribution of EC and PC to TE was almost equal, but the contribution of PC began to dominate after 6 h (Fig. 4) . The presence of Un-P in the incubation medium significantly inhibited the TE (Fig. 3a) , and this inhibition was mainly attributable to inhibition of the PC. For the first 6 h, EC in the presence of Un-P was less than that in the control, but the EC subsequently showed a steady increase during incubation, finally reaching a similar level to that of the controls (Fig. 3b) . The PC also steadily increased during incubation in the presence of Un-P, whereas a burst of elongation was observed in the controls (Fig. 3c) . Thus, elongation regulated by endogenous gibberellin was mainly attributable to an increase in the PC. This was also indicated by the recovery of elongation following GA 3 -induced reversal of the Un-P inhibition (Fig. 6 ). The TE that had been inhibited by Un-P was recovered by GA 3 treatment, and this recovery was attributable to an increase in the PC rather than the EC. Other authors have reported that gibberellin similarly increased plastic extensibility in the shoot (Adams et al. 1975 , Kutschera and Kende 1988 , Taylor and Cosgrove 1989 , Keyes et al. 1990 ). GA 7 did not recover the TE inhibited by Un-P. Furthermore, exogenous GA 7 had no effect of the elongation of root segments after a 12-h incubation at concentrations lower than 100 nM (data not shown). At concentrations higher than 1 mM, elongation was inhibited by GA 7 . Inhibitory effect of Un-P was not ameliorated by the presence of GA 7 at 1 nM-1 mM.
In the presence of Un-P, the CMTs of epidermal cells were fragmented after a 6-h incubation, a disorganization that continued during further incubation (Fig. 5) . Thus, the inhibition of the rapid increase in PC from 6 h onwards by Un-P is clearly related to the disorganization of the CMTs. This conclusion is supported by the experiments where subsequent addition of GA 3 after removal of Un-P led to a recovery of both the organization of CMTs (Fig. 7) and then the PC (Fig. 6) , as well as TE.
Furthermore, the results obtained using the microtubule inhibitor propyzamide also support this conclusion. Treatment with propyzamide significantly inhibited the increase in the TE by suppressing the rapid increase in the PC after a 6-h incubation (Fig. 8) . As was the case with Un-P treatment (Fig. 4) , the decrease in EC/TE and the increase in PC/TE during 6 and 9 h were both prevented by propyzamide treatment (Fig. 9) . In addition, the TE, inhibited by propyzamide, subsequently recovered to a level similar to that of the control when propyzamide was removed, a recovery caused not by an increase in the EC, but by an increase in the PC (Fig. 10) . CMTs that had been disorganized by propyzamide also recovered when propyzamide was removed (Fig. 11) . Thus, the experiments using propyzamide also demonstrated the involvement of CMTs in the Fig. 10 The reversibility of the propyzamide effect on total segment elongation, the elastic and plastic components of segment elongation. Segments were incubated in the absence (-Prop) or presence of 50 mM propyzamide (+Prop) for 6 h. Samples from each treatment were subjected to osmotic shrinkage analysis (closed bars). The remaining control segments were further incubated in M medium lacking propyzamide (-Prop/-Prop) for 7 h and then subjected to osmotic shrinkage analysis (open bars). Propyzamide-treated segments were washed with M medium, and incubated in the medium supplemented with (+Prop/+Prop), or without (+Prop/-Prop) 50 mM propyzamide for 7 h and then subjected to osmotic shrinkage analysis. 
Fig. 11
Reversibility of the effects of propyzamide on the cortical microtubule arrays. Root segments were incubated in M medium supplemented with 50 mM propyzamide for 6 (a) and 13 h (b). (c) After a 6-h incubation in the presence of 50 mM propyzamide, the segments were transferred to the medium lacking 50 mM propyzamide and incubated for 7 h. Bar, 10 mm.
rapid increase in PC after a 6-h growth period.
In control root segments, the increase in the PC was rather slow initially, but started to rapidly increase after a 6-h incubation (Fig. 3c, 8c ). This suggests that the rapid increase in the PC, that was regulated by endogenous gibberellin, was at first inhibited due to wounding. The slow increase in the PC before recovery from wounding seems not be affected by endogenous gibberellin; i.e. the extent of increase in the PC of control segments was virtually the same as that in the presence of either Un-P (Fig. 3c) or propyzamide (Fig. 8c) .
Cell wall extensibility is determined by the orientation of cellulose microfibrils and the cell wall matrix, which contains polysaccharides and proteins, and by viscoelastic properties of matrix macromolecules. Orientation of cellulose microfibrils is regulated by the CMT array which controls the direction of cell expansion (Shibaoka 1994) , and is considered to determine the cell wall extensibility. In a previous study, we reported that the CMT array of epidermal cells regulated the orientation of cellulose microfibrils in L. minor . In the presence of Un-P, the orientation of cellulose microfibrils of epidermal cells altered their orientation from transverse to oblique. In addition, recovery of CMT arrays started prior to that of TE and PC in reversibility experiment of Un-P or propyzamide effect. These results suggest that disorganization of CMTs by Un-P or propyzamide treatment changed the orientation of cellulose microfibrils, and thereby affected the PC of root segments.
The present study suggested that endogenous gibberellin rapidly increases plastic extension of root segments in the longitudinal direction by arranging CMTs transversely. The results suggest that disorganization of the CMTs changes the orientation of cellulose microfibrils. Furthermore, the results suggest that gibberellin regulates root elongation not only by controlling the orientation of CMTs but also by an effect on the cell wall matrix. These possibilities are subjects for future research.
